Experimental investigation on the mechanical and tribological coupled behaviour of bimetal composite under different states by Li, Zhou et al.
University of Wollongong 
Research Online 
Faculty of Engineering and Information 
Sciences - Papers: Part B 
Faculty of Engineering and Information 
Sciences 
2019 
Experimental investigation on the mechanical and tribological coupled 
behaviour of bimetal composite under different states 
Zhou Li 
University of Wollongong, zl411@uowmail.edu.au 
Jingwei Zhao 
University of Wollongong, jzhao@uow.edu.au 
Hui Wu 
University of Wollongong, hwu@uow.edu.au 
Fanghui Jia 
University of Wollongong, fj910@uowmail.edu.au 
Ye Yao 
University of Wollongong, Shougang Research Institute of Technology, yyao@uow.edu.au 
See next page for additional authors 
Follow this and additional works at: https://ro.uow.edu.au/eispapers1 
 Part of the Engineering Commons, and the Science and Technology Studies Commons 
Recommended Citation 
Li, Zhou; Zhao, Jingwei; Wu, Hui; Jia, Fanghui; Yao, Ye; Zhang, Qingfeng; Jiao, Sihai; and Jiang, Zhengyi, 
"Experimental investigation on the mechanical and tribological coupled behaviour of bimetal composite 
under different states" (2019). Faculty of Engineering and Information Sciences - Papers: Part B. 3137. 
https://ro.uow.edu.au/eispapers1/3137 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
Experimental investigation on the mechanical and tribological coupled behaviour 
of bimetal composite under different states 
Abstract 
Wear resistance and excellent mechanical properties are the main requirements in industrial applications 
of bimetal composites. The interfacial evolution of duplex stainless steel/low carbon steel (2205/AH36) 
bimetal composite after annealing and its tribological behaviour in a 3.5 wt% NaCl solution were 
investigated in this study. The bonding interface evolution between two layers plays a critical role in 
mechanical properties of composite, and the surface microstructure of stainless steel layer determines 
the wear and corrosion resistance. The hot-rolled composite samples were heat treated at temperatures 
ranging from 850 to 1150 °C in steps of 100 °C for 1 h. Optical microscopy (OM) and electron 
backscattered diffraction (EBSD) were employed to investigate the microstructural evolution of both 
component layers and bonding interface. The uniaxial tensile tests were used to investigate the tensile 
strength and elongation of composites after annealing at different temperatures. Ball-on-disc sliding tests 
were employed to study the tribological behaviour of bimetal composite, with sample discs being 
immersed in the solution. The variations of the coefficient of friction (COF) were recorded as a function of 
the sliding time, and the wear tracks of discs after tribological tests were observed by the laser scanning 
microscope and a scanning electron microscope (SEM). The results show that the annealing temperature 
significantly affects the width of bonding interface, and the total wear volume loss of duplex stainless 
steel of composite is dominated by the mechanical wear in the chloride solution. 
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Abstract. Wear resistance and excellent mechanical properties are the main requirements in industrial 
applications of bimetal composites. The interfacial evolution of duplex stainless steel/low carbon 
steel (2205/AH36) bimetal composite after annealing and its tribological behaviour in a 3.5 wt. % 
NaCl solution were investigated in this study. The bonding interface evolution between two layers 
plays a dominated role in mechanical properties of composite, and the surface microstructure of 
stainless steel layer determines the wear and corrosion resistance. The hot-rolled composite samples 
were heat treated at temperatures ranging from 850 to 1150 ℃ in steps of 100 ℃ for 1 h. Optical 
microscopy (OM) and electron backscattered diffraction (EBSD) were employed to investigate the 
microstructural evolution of both component layers and bonding interface. The uniaxial tensile tests 
were used to investigate the tensile strength and elongation of composites after annealing at different 
temperatures. An Rtec MFT-5000 Multi-functional Tribometer was employed to study the 
tribological behaviour of bimetal composite using ball-on-disc sliding tests, with sample discs being 
immersed in the solution. The variations of the coefficient of friction (COF) were recorded as a 
function of the sliding time. The wear tracks of discs after tribological tests were examined under a 
VK-X100 laser scanning microscope and observed by a scanning electron microscope (SEM). The 
results show that the annealing temperature significantly affects the width of bonding interface, and 
the total wear volume loss of duplex stainless steel of composite is dominated by the mechanical wear 
in the chloride solution. 
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1. Introduction 
With the increasing demand for the multi-functionality but low cost of engineering materials, bimetal 
and laminated composites, which combine high wear resistance and excellent mechanical properties, 
have become popular for applications in many industrial fields, including pressure vessels, pipelines 
and mining equipment [1-4]. Among the composite materials, stainless steel laminate composites, 
such as stainless steel/carbon steel [5-7], aluminum/ferritic stainless steel [8], 
magnesium/aluminum/ferritic stainless steel [9], and austenitic stainless steel/aluminum/copper [10], 
are the most widely produced and used. 
In order to eliminate defects from the combination processing of different materials, post-processing 
techniques are often required to improve the performance of bimetal composites. There are a number 
of researchers who have studied the effects of heat treatments on the mechanical performance of 
composites [11, 12]. Bina et al. [13] reported that the tensile strength and elongation of stainless 
steel/copper bimetal plate increased after post heat treatments. He et al. [14] found that the strength 
and flow stress of multi-layered zirconium/titanium composites increased gradually with the increase 
of annealing temperature and time in compressive tests. Macwan et al. [15] identified the influence 
of post-rolling annealing on the interface microstructure and mechanical properties of 
aluminium/magnesium/aluminium tri-metal plates. They presented that the ultimate tensile strength 
reached the maximum at 250 ℃ while the elongation increased with the increase of annealing 
temperature. Zhang et al. [16] obtained the similar results for magnesium (AZ31B)/aluminium (6061) 
composite, in which the yield and tensile strengths reached the highest at 200 ℃ due to the elimination 
of dislocations and residual stresses between two bonded layers in the annealing process. 
Alternatively, some other researchers investigated the influences of heat treatments on the tribological 
behaviour of various stainless steels. Wang et al. [17] found that the best wear resistance of 316L 
stainless steel could be achieved after annealing at 750 ℃ for 20 min, corresponding to a moderate 
hardness rather than the highest hardness of annealed samples. Yin et al. [18] investigated the 
corrosive wear behaviour of annealed AISI 1045 steel in the 3.5 wt. % NaCl solution under different 
loads at room temperature by using the scratch test, and they concluded that corrosive wear rates were 
markedly affected by the loading speed and force. Davanageri et al. [19] and Fargas et al. [20] 
indicated that the existence of sigma phase (σ) increased the hardness and wear resistance of the heat-
treated super duplex stainless steel AISI 2507. 
However, there has been little information available so far on the influence of annealing on the 
mechanical and tribological coupled behaviour of bimetal composites. In general, the higher hardness 
of metals and alloys is required for better wear resistance in industrial applications, but with less 
toughness and plasticity. It is, therefore, necessary to consider both the wear corrosion resistance and 
formability of composites to achieve a balance that meets various industrial requirements. The aim 
of this study is to investigate the mechanical and tribological coupled properties of duplex stainless 
steel/low carbon steel (2205/AH36) bimetal composite over the temperature range from 850 to 1150 ℃ 
in steps of 100 ℃ with the annealing time of 1 h. Uniaxial tensile tests and sliding ball-on-disc tests 
with samples being immersed in a 3.5 wt. % NaCl solution were carried out, respectively, to evaluate 
the tensile strength, elongation and corrosive wear resistance of bimetal composite. The optimal 
annealing conditions were proposed considering both the duplex stainless steel and the carbon steel, 
which can simultaneously satisfy the combination of good formability and enhanced wear resistance 
in the chloride solution. 
2. Methodology and materials 
A duplex stainless steel bimetal composite plate, consisting of the duplex ferritic (α)-austenitic (γ) 
stainless steel (2205) layer with the thickness of 3 mm and the carbon steel (AH36) layer with the 
thickness of 8 mm, was produced by a hot-rolling process using commercially available products in 
this study, as shown in Fig. 1. The chemical compositions of 2205 and AH36 are shown in Table 1. 
 
Fig. 1. Schematic illustration of the bimetal composite plate. 
Table 1 Chemical compositions of bonded components (wt. %). 
Materials C Si Mn P S Cr Mo Ni Fe 
2205 0.024 0.62 1.4 0.023 0.001 21.07 3.01 5.36 Bal 
AH36 0.18 0.50 0.90-1.60 0.035 0.035 0.20 0.08 0.40 Bal 
Tensile specimens, consisting of the 2205 layer (3 mm) and the AH36 layer (3 mm), were cut by a 
Spark Erosion Cutting (SEC). The dimensions of tensile specimens are shown in Fig. 2. Uniaxial 
tensile tests were performed on a universal testing machine Instron-8801 with crosshead speed of 1.5 
mm/min, and the measured gauge length is 25 mm, according to ASTM E8/E8M. The tribological 
tests were carried out using an Rtec MFT-5000 Multi-functional Tribometer [21-23], and the 
configuration of the ball-on-disc tribometer is shown in Fig. 3. 
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Fig. 2. Dimensions of bimetal specimens. 
 
Fig. 3. Schematic illustration of ball-on-disc test. 
All the discs were machined to 50 mm in diameter and 6 mm in thickness, consisting of the 2205 
layer and the AH36 layer, each of which has a thickness of 3 mm. The disc surfaces were ground to 
be uniform with a roughness (Ra) of around 0.04 μm. During the sliding tests, only the 2205 layer 
surface of bimetal disc was rotating against the stationary Cr steel ball, and the whole disc was 
immersed in the 3.5 wt. % NaCl solution, as an electrolyte simulating the corrosive marine and mining 
environment, to evaluate the effect of chloride on the tribological behaviour of composites in nature. 
The applied Cr steel ball has a diameter of 9.5 mm with a hardness of 780 HV. The bimetal discs 
were loaded with a normal force of 80 N and a linear speed of 20 mm/s for 2 h. All the tribological 
tests were performed open to air at 65 ℃, which is higher than the critical pitting temperature (CPT), 
for the applied 2205 layer [24-26], in order to create a harsh test environment. The wear tracks of 
discs after the tribological test were cleaned in the ultrasonic ethanol bath for 6 min. All the tensile 
and tribological tests were repeated 3 times for each sample. Prior to the tensile and tribological 
sliding tests, the tensile specimens and disc samples were placed in an electric furnace at 850, 950, 
1050 and 1150 ℃ for 1 h, respectively, under the protection of argon, and then cooled down naturally 
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Fig. 4. Schematic illustration of the annealing process. 
Conventional Vickers hardness tests for the 2505 layer of discs were conducted with a load of 9.8 N 
for 10 s after annealing treatments. The microstructure of the rolling direction-normal direction (RD-
ND) section planes after annealing was examined by an optical microscopy (OM), for which the 
section planes were mechanically ground to 0.25 μm followed by etching with a solution of 50 ml 
HCl + 50 ml HNO3+50 ml H2O. The microstructural characterisation of the 2205 layer after annealing 
treatment was conducted under a JEOL 7001 electron backscattered diffraction (EBSD). A 
KEYENCE VK-X100 3D laser scanning microscope and a JSM-6490F scanning electron microscope 
(SEM) equipped with an energy dispersion spectrometer (EDS) were used to observe the morphology 
and EDS mappings of wear tracks produced on the discs. 
3. Results and discussion 
3.1. Microstructural evolution 
 
Fig. 5. Optical microstructures of the bond interface under different states: (a) as-received, (b) annealed 














The microstructure of the RD-ND section planes of the as-received specimen, as well as those heat-
treated at 850, 950, 1050 and 1150 ℃ are presented in Fig. 5. The left section, composed of alternating 
ferrite and austenite bands, is the duplex stainless steel (2205). The right section, in contrast, 
consisting of the acicular or polygonal ferrite, is the low carbon steel (AH36). The microstructural 
evolution of AH36 between the as-received and annealed specimens varies significantly, i.e. the 
ferrite grains have become polygonal shape after annealing treatments. In particular, the ferrite grains 
adjacent to the bonding interface are coarsening after annealing at 850 ℃, which may have a negative 
influence on the elongation [27]. With the increase of annealing temperature to 950 and 1050 ℃, the 
ferrite grains are uniformly distributed in the matrix of AH36, but the ferrite grain size slightly 
increases when the temperature further rises to 1150 ℃. 
 
Fig. 6. IPF map of the 2205 layer from EBSD under different states: (a) as-received, (b) annealed at 
850 ℃, (c) annealed at 950 ℃, (d) annealed at 1050 ℃, (e) annealed at 1150 ℃, and (f) comparison of grain 
size. 
After annealing treatments, the microstructure of the 2205 layer remains markedly oriented along the 
RD under each state, but the wavy morphology of ferrite begins to disappear, and thicker bands of 
austenite and ferrite appear at 1050 and 1150 ℃, consistent with the results of Reference [28]. The 
grain size of the 2205 layer begins to increase from 950 to 1150 ℃, and this trend is proved by the 
IPF map from EBSD, as shown in Fig. 6. The grain size of the 2205 layer achieves to the largest at 
1150 ℃ (Fig. 6(f)). 
Additionally, the annealing treatment has an influence on the microstructural evolution of 
metallurgical bonding transition zone (MBTZ) adjacent to the interface formed in the composite 
bonding process, which is a main difference between the bimetal composite and single material. The 
evolution of interfacial properties (e.g. the bonding strength and toughness), mainly resulting from 
the element diffusion behaviour between layers, affects the total mechanical characterisations of 
composites (e.g. the tensile strength and elongation) [29-31]. The most difference of chemical 
compositions between the 2205 and AH36 contains C, Cr, Fe, Mo and Ni etc. elements. The 
concentration difference of these elements causes the element diffusion between two layers during 
the post annealing processes of composite. In Fig. 7, it can be seen that the diffusion profiles of 
elements (Cr and Fe) in the MBTZ are different for the as-received specimen, and the annealed 
specimens at 850, 950, 1050 and 1150 ℃. As the 2205 layer is rich in Cr elements, which have a close 
atomic size compared to that of iron atoms, the Cr and Fe atoms can exchange between the 2205 and 
AH36 layers by the direct exchange mechanism, resulting in the formation of MBTZ. The 
approximate thickness comparison of MBTZ under different annealing conditions is shown in Fig. 
7(k). It is obvious that that the thickness of the interfacial diffusion zone increases with the rise of 
annealing temperature, and the thickness of MBTZ with the annealing time follows the parabolic rule, 
expressed as [15, 32]: 
𝑥𝑥 = √𝐷𝐷𝐷𝐷                                                                      (1) 
where 𝑥𝑥is the diffusion distance (i.e. the thickness of MBTZ), 𝐷𝐷 is the annealing time, and D is the 
inter-diffusion coefficient, which is determined by Arrhenius equation [15]: 
𝐷𝐷 = 𝐷𝐷0exp �−
𝑄𝑄
𝑅𝑅𝑅𝑅
�                                                           (2) 
where 𝐷𝐷0 is the frequency factor, Q is the activation energy for the diffusion, R is the gas constant 
(8.3145 J mol-1K-1), and T is the absolute temperature (K). 
Then, the relationship between the thickness of MBTZ, annealing temperature and time can be 
denoted as: 
𝑥𝑥 = �𝐷𝐷0exp �−
𝑄𝑄
𝑅𝑅𝑅𝑅
� 𝐷𝐷                                                                      (3) 
It is noted that the square of the thickness of MBTZ increases linearly with annealing time, while it 
increases exponentially with the annealing temperature. Therefore, the influence of annealing 
temperature on the thickness of MBTZ is far more than that of annealing time, which can explain 
why the thickness evolution of MBTZ increases with the increase of annealing temperature. 
 
Fig. 7. SEM morphologies and diffusion profiles of elements in the MBTZ under different states: (a, d) 
as-received, (b, e) annealed at 850 ℃, (c, f) annealed at 950 ℃, (d, g) annealed at 1050 ℃, (h, j) annealed at 
1150 ℃, and (k) comparison of MBTZ thickness. 
3.2. Mechanical performance 
The changes in tensile strength and elongation with the annealing temperatures are shown in Fig. 8. 
It can be noted that the elongation, determining the plasticity and formability of bimetal composites, 
is sensitively dependent on the annealing temperatures. The elongation value decreases from 15.02 % 
to 12.15 % after annealing at 850 ℃, indicating that the formability of bimetal composites after this 
annealing process may exhibit a certain decline. The elongation of bimetal specimens, however, 
increases gradually after annealing from 950 to 1150 ℃, and the elongation is higher than that of the 
as-received state after annealing at 1050 and 1150 ℃. Meanwhile, the composite specimens after 
annealing at temperatures from 950 to 1150 ℃ exhibit a slight decrease in the tensile strength, and 
this trend is the opposite of grain size changes shown in Fig. 6(f). It agrees with the Hall-Petch 
strengthening, in which smaller grains with more grain boundaries can act as pinning points, impeding 
the propagation of dislocations [33]. 
 
Fig. 8. The effect of annealing temperature on the tensile strength and elongation. 
Fig. 9 shows the tensile profile and frontal fracture characteristics of bimetal composite after 
annealing at different temperatures. In the as-received, and annealed at 1050 and 1150 ℃ states, the 
obvious delamination occurs in MBTZ between 2205 and AH36 layers, but the composite shows 
good overall toughness and plasticity. In contrast, the fracture sections of tensile specimens, after 
annealing at 850 and 950 ℃, are relatively flat, and the two layers of composite are simultaneously 
broken without delamination crack in MBTZ, exhibiting a certain overall brittleness. This result is 
consistent with the trend of the elongation values in Fig. 8. In addition, the thickness values of MBTZ 
are higher after annealing at 1050 and 1150 ℃ than that of other states, which may easily trigger the 
delamination crack in the MBTZ adjacent to the interface [5]. 
 
Fig. 9. The tensile profile and frontal fracture characteristics under different states: (a) as-received, (b) 
annealed at 850 ℃, (c) annealed at 950 ℃, (d) annealed at 1050 ℃, and (e) annealed at 1150 ℃. 
3.3. COF and wear volume loss 
 
Fig. 10. (a) In-situ COFs, and (b) comparison of COFs and hardness measured under different states in 
the 3.5 wt. % NaCl solution. 
Fig. 10(a) presents the in-situ COF curves of samples annealed at different temperatures in the 3.5 
wt. % NaCl solution, from which the COF curves are found to fluctuate severely in the running-in 
period but show a stable trend in the remaining process [34, 35]. The mean COF values obtained from 
the stable stages for the as-received disc, and the annealed discs at 850, 950, 1050 and 1150 ℃ are 
0.59, 0.46, 0.50, 0.49 and 0.54, respectively. The COF value reaches the smallest after annealing at 
850 ℃, as shown in Fig. 10(b). In contrast, the hardness value of the disc surface presents a notable 
increase from 289.3 (as-received state) to 384.3 HV after annealing at 850 ℃. The hardness values, 
however, decrease gradually from 850 ℃ to 1150 ℃. The COF value changes inversely proportional 
to the hardness values. One reason is that the hard surface can minimise the plastic deformation, 
which brings about a decrease in the ability of metals to adhere. Another reason is that relatively 
harder metals have a higher surface energy, which induces the requirement of higher work for 
adhesion [36, 37]. 
 
Fig. 11. 3D profile images and curves of disc wear tracks under different states: (a) as-received, (b) 
annealed at 850 ℃, (c) annealed at 950 ℃, (d) annealed at 1050 ℃, (e) annealed at 1150 ℃, and (f) 
comparison of wear volume loss. 
The three-dimensional (3D) laser microscopy was commonly used to characterise the wear surfaces 
[38-41]. The 3D profile of wear tracks after tribological tests in the 3.5 wt. % NaCl solution are shown 
in Fig. 11. The total wear volume loss is an essential measurement to determine the degradation of 
the duplex stainless steel (2205), and it can be calculated by the wear area of the track profile, which 
is used to characterise the wear volume in this study. It is clear that the wear area of the as-received 
disc is 860 μm2 along the depth direction which is higher than that of the discs annealed at 850, 950 
and 1050 ℃, respectively. The lowest wear volume occurs in the disc annealed at 850 ℃, while the 
wear area values are rising continuously with the increase of annealing temperatures from 850 to 
1150 ℃, as shown in Fig. 11(f). This is related to their hardness values after annealing at higher 
temperatures (Fig. 10(b)), since softer steel surfaces are more sensible to the repeated shear stresses 
from the sliding wear, which leads to micro-cracks and consequently the wear volume loss [42]. 
 
Fig. 12. Phase map obtained by EBSD under different states: (a) as-received, (b) annealed at 850 ℃, (c) 
annealed at 950 ℃, (d) annealed at 1050 ℃, (e) annealed at 1150 ℃, and (f) partition fraction of each phase. 
Moreover, the wear volume loss in the tribological tests is significantly determined by the 
microstructure of the 2205 layer after annealing treatments, especially affected by the precipitation 
of the sigma phase and volume fractions of ferrite and austenite. Fig. 12 shows the phase map and 
volume fractions of the ferrite, austenite and sigma phases obtained by EBSD under different states. 
In Figs. 12(b), 12(c) and 12(e), it can be seen that the sigma phase mainly nucleates at the interface 
of ferrite/austenite phase and grows into the adjacent ferrite grains via an eutectoid reaction, inducing 
the decomposition of ferrite into an aggregate of sigma and secondary austenite [28]. In Fig. 12(f), 
the volume fractions of precipitated sigma phase are relatively high after annealing at 850 and 950 ℃, 
reaching to 17.91 % and 14.08 %, respectively, but the sigma phase almost dissolves at the annealing 
temperature of 1050 ℃. The precipitation of Cr- and Mo-rich sigma phase results in the deterioration 
of plastic and corrosion resistance, which has been presented previously [24, 43, 44] and agrees with 
the results in Section 3.2. Due to the precipitation of sigma phase after annealing at 850 and 950 ℃, 
however, the hardness values of the discs increase greatly. Meanwhile, the hard sigma phase is 
embedded as pinning particles in the soft austenite phase, resulting in the improvement of the wear 
resistance of discs in the chloride solution, which can be improved by the trend of the wear area in 
Fig. 11(f). 
In addition to the effect of sigma phase, the volume fraction of austenite phase can also influence the 
wear volume during the tribological test. It is easier for the austenite phase to induce the surface 
deformation strengthening in the wear tracks, especially under high loads [45], which consequently 
leads to increased hardness and improved corrosive wear resistance. The hardness values of seven 
positions were measured on the wear track and adjacent area after sliding tests for discs annealed at 
850 and 1050 ℃, respectively, as shown in Fig. 13. It can be seen that the hardness values of the wear 
track increase significantly by 40.9 % and 67.9 % at 850 and 1050 ℃, respectively, as compared to 
that of unworn areas of the discs. 
 
Fig. 13. The variations of hardness of the wear track and adjacent area at 850 and 1050 ℃. 
3.4 Surface morphology 
Fig. 14 shows the morphology of wear tracks under different states after tribological tests in the 3.5 
wt. % NaCl solution. Although the width values of the wear tracks are different, the wear tracks have 
similar morphological features for the as-received and annealed discs. Many longitudinal grooves in 
the sliding direction (SD) caused by the asperities of the hard ball counter-face are the predominant 
feature in the wear tracks, indicating that the abrasive wear is the main tribological mechanism. Large 
oxidised bands covering the most areas of the wear tracks are obvious, and the presence of numerous 
pits can be observed in the wear tracks under all the states. It is also worth noting that ridges form on 
the edge of all wear tracks (Fig. 11), which indicates that the large plastic flow, including surface and 
subsurface plastic shear, has occurred. As a result, the adhesive wear of detached material also exists 
during the tribological tests in the chloride solution. Fig. 15 shows the macro-worn surface of Cr steel 
balls after tribological tests under different states, the wear morphologies of the ball tips are similar. 
The worn area of ball tip is largest after annealing at 1150 ℃, which agrees with the wear volume 
loss in Fig. 11(f). 
 
Fig. 14. Wear tracks on discs under different states: (a) as-received, (b) annealed at 850 ℃, (c) annealed 
at 950 ℃, (d) annealed at 1050 ℃, (e) annealed at 1150 ℃, and (f) a disc in the liquid holder. 
 
Fig. 15. Worn surfaces of balls under different states: (a) as-received, (b) annealed at 850 ℃, (c) 
annealed at 950 ℃, (d) annealed at 1050 ℃, and (e) annealed at 1150 ℃. 
The SEM morphologies of worn surface obtained under different states are shown in Fig. 16. A large 
amount of crack networks can be observed on the oxidised bands of corrosive worn surfaces under 
all states. When the cracks grow large enough, the spalling and flaking, and as a consequence the loss 
of material from the sliding surface may emerge [20]. It means that the 2205 layer is suffered from 
both the mechanical wear and the corrosion. In addition, the oxidised bands and cracks are thick under 
the as-received state, but the oxidised bands are more dispersed and evenly distributed on the worn 
surface after annealing treatments. 
 
Fig. 16 SEM morphologies of worn surface obtained under different states: (a) as-received, (b) annealed 
at 850 ℃, (c) annealed at 950 ℃, (d) annealed at 1050 ℃, and (e) annealed at 1150 ℃. 
3.5 Tribological mechanism in the NaCl solution 
 
Fig. 17. Schematic illustration of the tribological mechanism in the chloride solution. 
Although mechanical wear is dominant during the tribological process in the 3.5 wt. % NaCl solution, 
the synergy of wear and corrosion to metals has occurred. This involves several simultaneous 
processes, including formation and dissolution of passive films, wear-accelerated corrosion and 
corrosion-accelerated wear [46, 47]. The schematic illustration of the tribological mechanism in the 
chloride solution is shown in Fig. 17. The metallic wear particles can be detached by the adhesion 
and abrasion, and eventually ejected from discs as a third body, which is a main part for the 
degradation of materials in the tribological tests. Alternatively, the wear particles may spread on the 
wear track of disc or sliding surface of the ball, which cannot contribute to the total wear volume loss. 
Another way of materials degradation is the electrochemical oxidation of the 2205 layer, which 
induces the formation of ions dissolution or a passive film on the 2205 layer surface [48]. Although 
the duplex stainless steel (2205) has excellent corrosion resistance due to the Cr-enriched passive 
film, the film can mainly be broken by the sliding wear, and the fresh surface with a lower equilibrium 
potential is exposed in the chloride solution [49]. In addition, the chloride ions (Cl-), rich in the 3.5% 
NaCl solution, can be easily adsorbed on the passive film due to their small ionic radius and relatively 
large electron density. The oxygen atoms (O2-) of passive film are squeezed out by the chloride ions 
(Cl-), which then are combined with the cations in the passive film to form a soluble chloride, resulting 
in the lattice defects and destruction of partial passive film (Fig. 17(b)). This phenomenon can be 
proved in Fig. 18 that Cl and O elements are distributed on the oxidised bands of corrosive worn 
surfaces. 
 
Fig. 18. SEM images and EDS mappings of the worn surface being tested under different states: (a) as-
received, (b) annealed at 950 ℃ and (c) annealed at 1050 ℃. 
When a local area of the passive film has been broken by the sliding wear or reaction of chloride ions 
(Cl-), the pitting conditions are achieved and enhanced. According to the electrochemical mechanism, 
the surrounding passive film acts as the cathode, and the alloying elements, such as Fe, Ni and Cr, in 
the 2205 layer act as the anode [50]: 
M → Mn+ + ne-                                                                   (4) 
The released electrons involve in the cathodic reaction, dominated by the dissolution of oxygen 
occurring on the passive film as expressed: 
O2 + 2H2O + 4e-→ 4OH-                                                         (5) 
The generated hydroxyl ion (OH-) then can react with alloying elements ion, such as ferrous ion (Fe3+). 
The hydroxide can be obtained, and the process is described as: 
Mn+ + n OH- → M(OH)n                                                         (6) 
For instance, the ferric hydroxide (Fe(OH)3), the reddish-brown powder or flocculate, has been 
observed in the solution after tribological tests [51], as shown in Fig. 14(f). Meanwhile, the rich 
chloride ions (Cl-) can also react with alloying elements ion as: 
Mn+ + n Cl- → MCln                                                         (7) 
In addition, the continual sliding will bring more dissolved oxygen to the disc surface [52], inducing 
an accelerated cathodic reaction and eventually the more degradation of materials. 
 
4. Conclusions 
The influences of annealing on the mechanical and tribological coupled behaviours of 2205/AH36 
bimetal composite were investigated using the ball-on-disc tribological tests in the 3.5 % NaCl 
solution and tensile tests, respectively. The following conclusions can be obtained: 
1. The thickness of MBTZ between layers increases significantly with the increase of annealing 
temperature. The elongation of bimetal composite is sensitively dependent on the annealing 
temperatures, but the tensile strength exhibits a slight change. 
2. The tribological behaviour of the 2205 layer of the bimetal composite is dominated by the 
mechanical wear in the 3.5% NaCl solution. The precipitation of sigma phase, which results in the 
hardness increase of sliding surfaces after annealing at 850 and 950 ℃, improves the wear resistance 
of duplex stainless steel. 
3. Based on the obtained results of tensile and tribological tests, the composite after annealing at 850 
and 950 ℃ has the better wear resistance in the chloride solution but worse formability compared to 
that of other states. Meanwhile, the comprehensive performance of deformability and wear resistance 
in the chloride solution for the bimetal composite is acceptable after annealing at 1050 ℃. 
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